ABSTRACT: This research introduces the development of an electronic flowmeter based on the drag force that a body experiences when immersed in a fluid stream. Its main goal was the development of an Electronic Drag Force Flowmeter (EDFF) using a load cell, as well as the evaluation of its performance parameters. The developed flowmeter should not require specialized labor, equipments, computers or any sophisticated and complex method, providing an easy and accurate way of flow estimation. This research was carried out in the following stages: (i) EDFF mechanical structure development; (ii) data acquisition system and embedded software design; and (iii) evaluation of EDFF performance parameters. EDFF has routines for instantaneous flow rate measurement, interactive calibration, and also several flow meter parameter adjustments, allowing data transmission via a RS-232 protocol. The real-time flow measurement task updates values of instantaneous flow rate each seven seconds, enabling unit selection. The interactive calibration routine guides users during all calibration process showing instructions on EDFF's display. A data digital filtering procedure was implemented in an embedded software using the Grubbs' Test in order to identify and to remove outliers from the acquired data. The Method of Least Squares was also implemented in the embedded software in order to calculate the fitting model coefficients on the calibration procedure. This flowmeter is able to work from 1.94 to 7.78 dm 3 s -1 with an uncertainty of ± 5.7%. The coefficient of local head loss (K) was close to 0.55 for Reynolds number values higher than 10 5 . The developed EDFF is a low-cost and stand-alone system with potential for agricultural applications.
Introduction
The initial spurs to flow measurement were agricultural requirements and necessity to evaluate water consumptions by the users in Egyptian, Roman and Chinese civilizations (Upp and La Nasa, 2002) . From the 20th century onwards several new concepts of flowmeters were developed using electronic devices. The impact of new materials, processes, electronics and microprocessors allows a widespread commercial development of modern flowmeter technology (Cascetta, 1995) .
Target or drag force flowmeters measure flow by sensing the drag force exerted on a target that intercepts partially the flow stream. The obstruction in the flow path accelerates the fluid and it reduces the pressure on the rear surface of the target. The difference resulted between the upstream and downstream surface pressures, integrated over the target area, is a force (Zhao et al., 2005) . The square root of this force is proportional to the flow rate (Delmée, 2002) . The force is often sensed by measuring the strain on a beam that supports the target. Flowmeters based on the drag force that a body experi-ences when immersed in a fluid stream are hardly found or ment ioned in literature (Merzkirch, 2005) . This kind of flowmeters can be used in a wide variety of applications as follows: general liquid or gas application, hot liquids, steam, slurries and particle flows, liquid and gas mixtures (Furness, 1991) . In addition, target flowmeters appear to be suitable for use in food industry dealing with fluid products since these meters are easy to be cleaned and sanitized (Greene, 1993) .
This research had as main objective the development of an Electronic Drag Force Flowmeter (EDFF) as well as the evealuation of its performance parameters. The developed flowmeter should not require specialized labor, equipment, computers or any sophisticated and complex method, providing an easy and accurate way of measuring flow. Moreover, the EDFF emerged according to innovative ideas becoming a new and low-cost option available to flow measurement in closed conduits.
Material and Methods
Drag forces (F d ) act on bodies immersed in incompressible fluid streams and they can be calculated by eq. (1) depending on a drag coefficient (C D ), characteristic area of the body (A), density of fluid (ρ), and flow velocity (u).
The frontal or projected area A that intercepts perpendicularly the flow is a constant. The density of fluid is a function of both the pressure and the temperature. The water density depends on its temperature and can also be considered as a constant since the temperature does not change during a measurement process. For turbulent conditions, the flow velocity in closed conduits varies according to radius (r). The average flow velocity (V) is generally detected at a distance between 0.7 and 0.8 r from the center position of a closed conduit (Neves, 1974) . Aspects related to swirls and velocity profiles with distorted shapes are not taken into account once it is not the main purpose of this research. In an incompressible flow and in situations in which the body is completely immersed in the fluid, the drag coefficient (C D ) depends mainly on the Reynolds number (Re) and shape of the body. For these situations Re is determined by eq. (2), based on flow velocity (u), kinematic viscosity (v), and the characteristic dimension of the body (l) (Munson et al., 2004) .
In this research the force caused by the fluid flow acts on a target disc whose surface is oriented perpendicular to the flow direction. The target was attached to the inferior extremity of a cylindrical metal beam. The drag causes a lower pressure area at the rear surface of the target, producing a net force that is transferred to the beam. A load cell was attached to upper extremity of the beam. Strain gauges measure the deflection of the load cell due to drag force acting on target and on the immersed part of the cylindrical beam ( Figure  1 ). The force acting on the target is measured directly instead of measuring the differential pressure, which produces a force on the target, proportional to the square of the flow rate. It was also mentioned by Baker (2000) , that target flowmeters for Re values higher than 4000 have a drag force proportional to the square of the velocity. Therefore, analyzing in the simplest way, the flow rate (Q) measured by target flowmeters may be estimated by eq. (3), in which k is assumed as a constant coefficient. A similar equation was mentioned by Delmée (2003) using the differential pressure instead of the drag force.
The EDFF design, manufacturing, and evaluation were accomplished in the following stages: EDFF mechanical structure development; hardware and embedded software design; and evaluation of EDFF performance parameters.
The EDFF mechanical structure was completely designed using Computer Aided Design (CAD) environment tool in order to reduce mechanical faults. With this tool was possible to reduce time and waste of resources. A target disc of 20 mm diameter and 1 mm thickness was attached to a steel cylindrical beam of 118 mm length and 7 mm diameter. These objects were assembled inside a 66 mm diameter pipeline. The center of the target disc was positioned 0.7 r from the center of the pipe transversal section in order to ensure the average velocity acting on the target. A 46.1 mm-long portion of the beam was also immersed. The beam was drilled 72 mm above the center of target to insert a metal stick of 2 mm thickness. It provided a rotation axis for the transference of the force from target to a load cell. A bending beam load cell was used with 4.9 N capacity, sensitivity of 0.002 v v -1 and accuracy of ± 0.1%. The sealing mechanism comprises rubber seal rings, metal washers and some PVC fittings. Other PVC and metal fittings were manufactured and used to develop the EDFF mechanical structure (Figure 1 and 2) . Figure 3 shows the EDFF developed in this research installed on a pipeline.
An electromagnetic flowmeter (uncertainty of ± 0.5%) was used as the reference meter in calibration procedures. The EDFF and the electromagnetic flowmeter were installed in a pipeline of 66 mm diameter. A gate valve was also installed 1 m downstream of the electromagnetic flowmeter in order to control the flow rate. Figure 4 presents a schematic diagram of experimental setup. The evaluation tests were performed under a constant pressure condition of 98.1 kPa. The water temperature during tests remained close to 293 K.
The flowmeter Data Acquisition System (DAS) was developed in order to acquire and process the output signal from the load cell converting it into flow rate. The DAS provides routines for instantaneous flow rate measurement, interactive calibration, and also several flowmeter measuring parameters adjustment. During all development there was a great concern regarding the routine creation in order to ensure an easy way to work with the EDFF. The hardware of the DAS is comprised by the following devices: instrumentation amplifier, microcontroller, serial converter device, liquid-crystal display (LCD), capacitors, resistors, voltage regulators, control buttons, and power supply of 15 Vcc.
After assemblage of these items, the DAS hardware is able to: (i) provide a precision voltage reference of 10 Vcc for load cell supply; (ii) amplify the load cell output signals; (iii) convert the amplified output signals into digital data using the internal A/D converter of the microcontroller with 10 bits of resolution; (iv) perform digital data proces s ing us ing a P IC18F4550 microcontroller; (v) display instructions and information on a LCD; (vi) access routines using control buttons; and (vii) allow sending the acquired data to a microcomputer.
The embedded software in the DAS provides the following tasks: (i) access a real-time flow measurement that updates values of instantaneous flow rate each seven seconds,
, and L h -1 ); (ii) access an interactive calibration guiding user along all calibration process; (iii) perform several flowmeter parameter adjustments; and (iv) allow the acquired data transmission via RS-232 protocol to a microcomputer ( Figure 5) .
A data digital filtering procedure was implemented in the embedded software using the Grubbs' Test, in order to identify outliers and remove them from the acquired data (ISO 5168, 1985) . This procedure was used for instantaneous flow rate measurement and for interactive calibration routines. In this research, data is designated as "raw data" before digital filtering, while data is designated as "processed data" after digital filtering.
The interactive calibration task guides the user along the calibration procedure. The flowmeter LCD displays sequential instructions to the user. Along this procedure the flow rate data is gathered from 0.00 to 8.33 dm 3 s -1 . The acquired data necessary to calculate the fitting model coefficients is stored in a microcontroller (RAM memory). The obtained coefficients for each calibration task are stored in the microcontroller memory allowing changes when necessary (EEPROM memory).
The Method of Least Squares was implemented in the embedded software in order to calculate the fitting model coefficients. A logarithmic model was used to predict the flow rate (eq. 4), and regression coefficients (A and B) were determined by eq. 5. The determination coefficient (r 2 ) was calculated by eq. 6 (Souza, 2009) . .
where: A and B are Regression coefficients; x i : i th processed data; Q i: i th value of reference flow rate. Taking into account the DAS features it is reasonable to consider EDFF as a stand-alone system. All the mathematical processes are performed by the microcontroller. The system allow s data trans mission from the microcontroller to an external microcomputer via a serial port (RS-232). The data transmission to a microcomputer may be useful to create reports, charts, and also allows performing other complex routines. One of the DAS challenges was to define the sample size (n). Three replicates of two sample sizes were evaluated (n = 30 and n = 500). These tests were performed on three different flow conditions (0.0, 4.17, and 6.25 dm 3 s -1 ). A sampling interval of 250 milliseconds was used.
Statistical and performance parameters like repeatability, hysteresis, conformity, and uncertainty interval limits, as well as curve model fitting were determined based on four tests. Data was gathered by increasing and decreasing flow rates, changing values on intervals of 0.28 dm 3 s -1 in a range from 0.0 to 8.33 dm 3 s -1 . The flow rate was controlled using a gate valve and observing flow rates in an electromagnetic flowmeter installed in series downstream from EDFF ( Figure 4 ). The determination of the EDFF uncertainty limit (U) was performed adopting procedures presented by ISO 5168 (1985) . The equation used to combine bias errors (B) and random errors (S) is presented below:
Local head losses are originated due to sudden changes in flow condition caused by pipe fittings or other flow interferences increasing flow turbulence and energy loss (Porto, 1998) . The local head loss coefficient (K) of the EDFF was determined experimentally. The head loss was calculated based on eqs 8 and 9. A differential manometer was installed distanced of 0.4 m upstream and downstream from the EDFF. A manometric fluid of density (d) 1750 kg m -3 (Figure 6 ) was used.
where: hf loc : local head loss (m); K coefficient of local head loss ( -); V average flow velocity (m s -1 ); g: acceleration of gravity = 9.81 m s -2 ; Δh: differential pressure between 1 and 2 (m).
Results and Discussion
Sample size determination is an important and hard stage on planning any gathering data or sampling process (Dattalo, 2008) . As larger the sample size is, the smaller the expected random error will be (Cacuci, 2003; Drosg, 2007) . Any controller has limited storage and processing capacity due to price and physical space. Large sample sizes require more processing time to update and display data for users. Hence, sample size is a constraint aspect for an electronic flowmeter development. Grubbs' Test is a recommended mathematical procedure for data processing in flow measurement systems (ISO 5168, 1985) . Applying this procedure to a set of data with 500 values (n = 500), considering three different flow rates (0.00, 4.17, and 6.25 dm 3 s -1 ), and three replicates we obtained the results shown in Table 1 . Table 2 . We found three outliers in R2 for the 0.00 dm 3 s -1 flow condition. The small number of detected outliners was expected once measurement systems generally acquire a little number of data and the probability of outlier occurrence is small (Rabinovich, 2005) . Differences in the processed data were very small between sample sizes of 500 and 30 (Tables 1 and 2 ). Therefore, it is reasonable to consider that it is not necessary to process more than 30 values in each sampling cycle. Using n = 30 the required time to gather, process, and update data was close to seven seconds. Table 3 presents the results from four tests carried out in order to determine the statistical performance of parameters as repeatability, hysteresis, conformity, and uncertainty interval limits. The used model fitting to estimate flow rates was also mentioned in this item. The maximum repeatability error value was 19.6 bytes respectively to 7.78 dm 3 s -1 (Table 4 ). The repeatability error was ± 1.9% based on a full scale (FS). Since an A/D converter with 10 bits of reso-lution was used, the value of FS is reached for 1024 bytes. To estimate the hysteresis error tests of increasing and decreasing flow rate values were carried out (Table 4 ). The largest difference obtained between increasing and decreasing flow rates was 15.4 bytes respectively to 2.50 dm 3 s -1 . Therefore, the hysteresis error was estimated to be ± 1.5% based on FS.
As mentioned for eq. (3), Q measured by target flowmeters may be estimated as a function of F D and the constant k. The load cell installed in the developed EDFF has a linear output signal. The force that acts on load cell (F LC ) is not exactly equal to the drag force since there is a distance above the fulcrum (rotation axis) of 46 mm (L 1 ) and below the fulcrum of 72 mm (L 2 ). Then, F D can also be expressed by eq. (10), where x is processed data, k 1 and k 2 are constant values determined by load cell characteristic:
Analyzing eq. (3) and eq. (10): Table 4 -Values used on analysis of repeatability and hysteresis errors.
I -Processed data from increasing flow condition; D -Processed data from decreasing flow condition.
By grouping some of the constant values, a theoretical model to estimate Q is given by:
The fitting model used to convert processed data (bytes) into flow rate values (dm 3 s -1 ) was determined from average values presented in Table 3 . The theoretical model (eq. 12) was compared with a logarithmic model presented as eq. (4). The choice of the adopted model was based on the coefficient of determination (r 2 ) (Figure 7 ). Theoretical model: Based on r 2 the logarithmic model was implemented on the embedded software. The coefficient of determination of the theoretical model could be higher than 0.938, probably due to imperfections in the manufacturing pro-cess of the EDFF mechanical structure, which was handmade and it probably was harmflul for the EDFF performance.
When a mathematic model that describes data distribution is non linear, the term conformity is used instead of linearity (Delmée, 2003 , the respective bias errors were ± 6% (± 0.5 dm 3 s -1 ), ± 3.7% (± 0.31 dm 3 s -1 ), and ± 2.7% (± 0.22 dm 3 s -1 ). By merging bias error limits with random error limits for the three flow measurement ranges, the uncertainty error limits were ± 7.8%, ± 6.3%, and ± 5.7%, respectively.
Otherwise, if the theoretical model would used to express flow rate as a function of the processed data, the EDFF performance parameters would change depending on flowmeter measuring range. The performance results using the theoretical model were obtained following the same procedures already cited for the logarithmic model. The EDFF performance results are summarized in Table 6 , presenting results of both logarithmic and theoretical models.
The EDFF works in a range from 1.94 to 7.78 dm 3 s -1
with an uncertainty limit of ± 5.7%. The EDFF presents a turndown ratio of 4:1. According to Delmée (2003) , target flowmeters present uncertainty limits between 0.5% and 5.0%. Furthermore, these flowmeters are characterized by turndown ratio of 3:1 (Furness, 1991 by tes Figure 7 -Assessment of the theoretical and logarithmic models. If the theoretical model would be adopted the uncertainty limit would be ± 5.1%, considering the flowmeter measuring range from 1.94 to 7.78 dm 3 s -1 . However, for flow rate values beyond the mentioned range, the accuracy of the measurement process would be worse than for the adopted logarithmic model. In the laminar regime the target flowmeters are usable, but the uncertainty of measurement process is higher (Baker, 2000) . Actually, both models presented a slight difference on uncertainty limits. The favorable aspect of the chosen logarithmic model was related to the Method of Least Squares, which was also developed in the embedded software. The mathematical procedures to determine the fitting model coefficients of the logarithmic model are easier than the theoretical model.
A differential manometer was used to acquire differential pressure data in order to determine the coefficient of local head loss (K) of the EDFF. From average data the local head loss (hf loc ), flow velocity (V), Reynolds number (Re), and the coefficient of local head loss (K) were calculated (Table 7 ). The K coefficient was almost constant in a value closer to 0.55 considering Reynolds numbers larger than 10 5 (Figure 8 ). This constant K for high values of Reynolds numbers is mentioned by Porto (1998) and Azevedo Netto (1998) . In a comparison of values, a Venturi flowmeter generally presents K of 2.5 (Neves, 1974) .
Conclusion
The low-cost Electronic Drag Force Flowmeter (EDFF) developed in this research provides an easy and accurate way of measuring flow. The embedded software and the data acquisition system ensure to set some interactive routines like calibration, parameters adjustment, and also instantaneous flowmeter measurement without the use of a computer. The EDFF presents satisfactory performance parameters for its category. The adopted logarithmic model results in performance parameters similar to the theoretical model, for the evaluated flowmeter evaluation range. An innovative electronic flowmeter was developed with potential for agricultural applications. 
